Background. Recent evidence indicates a robust competition between the host and mycobacteria for iron acquisition during mycobacterial infection. Variable effects of iron supplementation on the susceptibility to mycobacterial infection have been reported. In this study, we revisited the effects of an experimental iron-enriched diet on Mycobacterium bovis bacille Calmette-Guerin (BCG) infection.
enhance Mycobacterium tuberculosis growth [16] [17] [18] , depending on the experimental setting. The double-edged nature of iron, as a nutrient needed for both pathogen growth and host antimicrobial defenses, was recently revisited [19, 20] , and how this balance is regulated by iron-regulating genes such as Hamp1 requires further careful exploration. Here, we demonstrated that mice receiving a diet moderately enriched for iron are more resistant to Mycobacterium bovis bacille Calmette-Guerin (BCG) infection, with the reduced mycobacterial burden correlated with higher T-cell recruitment and hepcidin expression and lower production of proinflammatory mediators. In vitro macrophage iron loading reduced BCG uptake and growth.
MATERIAL AND METHODS

BCG Infection in Mice
Four-week-old male mice C57BL/6 (Janvier Labs, Le GenestSaint-Isle, France) were fed either an iron-rich diet or a standard iron diet (2500 or 280 mg of iron carbonyl per kg of food; Scientific Animal Food and Engineering, Augy, France) during 4 weeks plus the duration of infection. The mice were infected intravenously with 2 × 10 6 M. bovis BCG expressing green fluorescent protein (GFP) as described elsewhere [21] . All experiments complied with the French government's animal experiment regulations and were approved by the Ethics Committee of the National Center for Scientific Research (approval no. CLE CCO 2012-1001). Bacterial loads in tissue specimens were assessed as described [17] .
Hematological Analysis and Measurement of Iron Levels
Hematological parameters were analyzed [22] , and hepatic and splenic iron concentration were measured by the ferrozine colorimetric method [23] .
Flow Cytometry
Mononuclear liver cells obtained as described previously [24] and spleen and inguinal lymph node mononuclear cells [25] were immunostained for flow cytometry in accordance with standard procedures (Supplementary Materials). Data were processed with FlowJo software (version 7.6.5 for Windows, FlowJo, Ashland, OR).
Histopathological Analysis
Liver samples were fixed in 4% phosphate-buffered formalin and embedded in paraffin, and 4-5-μm sections were stained with hematoxylin and eosin. Granulomas were counted in a 0.4-mm 2 area of liver sections per sample. Lymphocytes in liver granulomas were counted in 12-15 representative granulomas per sample. Tissue iron deposition was monitored by Perl staining.
Measurement of Pulmonary Cytokine Levels
Lung samples were weighed, and defined aliquots were homogenized into Tris-HCl. Homogenates were then centrifuged, filtrated, and stored at −80°C until determination of cytokine levels by enzyme-linked immunosorbent assay (DuoSet, R&D Systems, Minneapolis, MN).
Cell Culture
Murine bone marrow cells were differentiated into bone marrow-derived macrophages (BMDMs) [21] and incubated as indicated.
Quantitative Polymerase Chain Reaction (PCR) Analysis
Total RNA from tissue samples or cells was isolated, and reverse transcription was performed as described elsewhere [25] . Messenger RNA (mRNA) expression was normalized to the housekeeping gene Gapdh in the same sample that underwent reverse transcription, and the relative expression of gene transcripts was given as ΔC t = C t target − C t reference. The fold change in gene expression as compared to expression for untreated mice was determined as 2 −ΔΔC t values, where ΔΔC t = ΔC t treated − ΔC t control .
Measurement of Unbound Cell Iron and ROS Levels
BMDMs plated in 96-well microplate were incubated with calcein-AM (Life Technologies) or H2DCFDA (Life Technologies) for measurement of labile cell iron and intracellular ROS levels, respectively, and cells were treated with ferric ammonium citrate or iron chelators as indicated.
Intracellular BCG-GFP Assessment
For intracellular mycobacteria detection, BCG-GFP-infected macrophages were stained with wheat germ agglutinin, Alexa Fluor 647 conjugate (Invitrogen), and DAPI (Sigma Aldrich). Photographs were acquired using an Axio Observer Z1 microscope (Carl Zeiss, Oberkochen, Germany). Plated macrophages were stained with pHrodo (pHrodo Green AM, Life Technologies) for fluorescence measurement of intracellular pH. Colony-forming unit (CFU) quantification was performed as previously described [26] .
Statistical Analysis
Statistical comparison was performed by the post hoc Bonferroni test and the Student t test to compare >2 and 2 groups, respectively, using GraphPrism software (version 5.04 for Windows, GraphPad Software, La Jolla, CA).
RESULTS
Reduction of In Vivo Bacterial Burden After BCG Infection During an
Iron-Rich Diet
Adult C57BL/6 mice that received a standard or iron-rich diet for 4 weeks were infected with BCG. We then examined the bacterial burden in the liver, spleen, and lung at several time points corresponding to the early infectious stage (day 7), granuloma formation (day 28), and infection resolution (day 63; Figure 1A ). A decrease of bacilli levels (ie, CFUs) was observed in mice in the iron-rich diet group on days 7 and 28 after infection in the liver and lung and in the spleen on day 63, compared with levels for mice that received a standard diet. The lower bacilli loads in mice receiving an iron-rich diet correlated with the level of mycobacteria uptake by host myeloid cells, determined by flow cytometry. The level of BCG-GFP-positive CD11b + cells in the liver (2.2%) and spleen (30.4%) 7 days after infection was slightly reduced in mice that received an iron-rich diet as compared to those that received a standard iron diet ( Figure 1B and 1C) . Therefore, 4 weeks of an iron-supplemented diet resulted in reduced BCG growth. BCG infection induces anemia [27] . Red blood cell counts and hematocrit were decreased 7 days after infection, compared with values for vehicle-treated mice (Figure 2A ). The ironrich diet increased hemoglobin levels in both naive and BCGinfected mice and prevented the reduction of red blood cell counts and hematocrit in BCG-infected mice ( Figure 2A ). Thus, our data suggest that the early anemia after BCG infection that was reversed by an iron-rich diet could be due to hypoferremia. Iron overload causes hepatotoxicity [28, 29] . Here, we defined iron-rich diet conditions to moderately increase the levels of hepatic and splenic iron in uninfected mice ( Figure 2B ), while avoiding detectable iron deposition in the liver or changes in basal aspartate aminotransferase and alanine aminotransferase levels in serum, indicating the absence of hepatotoxicity (Supplementary Figure 1) . Interestingly, BCG infection per se also increased iron levels (on day 7) in liver and spleen ( Figure 2B ). Combining an iron-enriched diet and BCG infection further enhanced splenic iron levels. Therefore, BCG infection altered host iron homeostasis, leading to anemia and iron retention in liver and spleen tissues.
BCG Infection Modulates Iron-Regulating Genes In Vivo
We next analyzed the expression of genes involved in the regulation of iron homeostasis during acute BCG infection with and without an iron-rich diet. Systemic iron balance depends on the binding of hepcidin, a hormone, to ferroportin, a cellular iron exporter, which decreases the transfer of iron from enterocytes and the recycling of iron from macrophages. No significant alteration in the expression of the genes encoding hepcidin 1 and ferroportin was induced by moderately iron-rich diet per se. However, these genes were upregulated in both the liver and the lung 1 week after BCG infection during receipt of a standard diet, and this was exacerbated in infected mice that received an iron-rich diet ( Figure 2C) . Furthermore, the genes encoding activin b and bone morphogenic protein 6, which are known to induce hepcidin expression [7] , were upregulated in the liver (Supplementary Figure 2) . In addition, the expression of Lcn2, which yields lipocalin 2, a host defense protein involved in the sequestration of bacterial siderophores [2, 30] , was also strongly upregulated in the liver 7 days after BCG infection ( Figure 2C ). Thus, imbalanced expression of genes involved in the control of iron levels was indicative of BCG-induced rupture of iron homeostasis in liver and lung.
Iron-Rich Diet Disrupted Cell Recruitment During BCG Infection
Infection triggers an innate immune response characterized by the release of chemokines and cytokines to recruit and activate neutrophils, macrophages, and T cells. At an early stage of infection (day 7), an increased number of CD11b + Ly6G high neutrophils, the main BCG phagocytic cells, was observed by flow cytometry in the liver and spleen, together with an increased number of CD11b + Ly6G low macrophages in the liver, with both findings prevented in mice that received an iron-supplemented diet ( Figure 3A and 3B). The recruitment of CD8 + T cells in the liver, analyzed at the late phase of infection (day 63), increased in mice that received an iron-rich diet ( Figure 3C ).The proportion of CD8 + T cells was reduced in the spleen and lymph nodes on day 63 after infection, compared with values for naive mice ( Figure 3C ), and this decrease was prevented by an iron-rich diet.
Granulomas are crucial for containing mycobacteria, and we therefore asked whether an iron-rich diet altered granuloma formation during BCG infection. Liver histological findings were not altered in uninfected mice that received an iron-rich diet as compared to those that received a standard diet. In BCGinfected mice, the mean number of granulomas (±SD) observed 28 days after infection in mice that received a standard diet was similar to that in mice that received an iron-rich diet (11 ± 0.1 vs 12 ± 0.4 per mm 2 liver section). However, results of liver histological analyses for BCG-infected mice that received an ironrich diet revealed higher numbers of lymphocytes in granulomas 4 weeks after infection, compared with findings for infected mice that received a standard diet ( Figure 3D ). Therefore, iron-induced increased bacterial clearance in the liver was associated with an increase in the CD8 + T-cell population in the liver and increased lymphocytic recruitment in granulomas.
Reduced BCG-Induced Inflammation in the Liver and Lung During Receipt of an Iron-Rich Diet
We next assessed the kinetics of inflammatory gene expression in the liver and lung 1-8 weeks after BCG infection in mice that received either a standard diet or an iron-rich diet. In the liver, expression of genes encoding proinflammatory cytokines-Il12b, Tnfα, Lcn2, Il1β, and Ifnγ-and of Nos2 was increased after BCG infection, peaking at 4 weeks (day 28; Figure 4A ). The expression of inflammatory genes was mostly back to baseline levels on day 63 after infection, with control of infection and resolution of inflammation. Remarkably, during an iron-rich diet, BCG-induced overexpression of proinflammatory genes on day 28 was significantly lower. The expression of Il10 and Arg1, which encode antiinflammatory proteins, showed a similar profile in the liver ( Figure 4A ).
In the lung, levels of Nos2, Tnfα, Lcn2, Ifnγ, and Il1β expression also reached a maximum on day 28 ( Figure 4B ) and returned to low or baseline levels by day 63, with lower levels in mice in the iron-enriched diet group, compared with those that received a standard diet. Il12b expression was induced in the lung after BCG infection, and iron-rich diet did not alter this expression. Expression of Il10 was more upregulated in the lung during the late phase of BCG infection among mice that received an ironrich diet. Arg1 expression in the standard-diet group was twice as high as that in the iron-enriched diet group during the early stage of infection, and expression in both groups returned to a basal level 1-2 months after infection ( Figure 4B ).
In the standard-diet group, levels of the proinflammatory cytokines interferon γ, interleukin 1β, interleukin 12p40, tumor necrosis factor α, and lipocalin 2 were increased in lungs on day 28 after BCG infection ( Figure 4C ). These levels were Mycobacterium bovis bacille Calmette-Guerin (BCG) infection induces an imbalance of iron homeostasis-associated genes, leading to anemia. C57BL/6 mice were fed standard (−) or iron-rich (+) diet for 4 weeks and infected intravenously with BCG (2 × 10 6 colony-forming units/mouse), and a series of parameters were analyzed on day 7 after infection. A, Red blood cell count, hematocrit, and hemoglobin level were determined. B, Iron content in liver, spleen, and lung was measured using a ferrozine assay. C, Hamp1, Fpn, and Lcn2 messenger RNA (mRNA) expression was determined in liver, spleen, and lung by quantitative reverse-transcription polymerase chain reaction analysis. Gene expression was normalized to Gadph as a housekeeping gene and is expressed relative to that for uninfected mice. Data are representative of 2 independent experiments (n = 5 mice per group) and presented as mean values ± standard errors of the mean (A and B) and mean values ± SD (C). *P ≤ .05, **P ≤ .01, and ***P ≤ .001. NS, not significant. Figure 3 . Modification of Mycobacterium bovis bacille Calmette-Guerin (BCG)-induced mononuclear cell recruitment under an iron-rich diet. C57BL/6 mice were fed a standard (−) or iron-rich (+) diet for 4 weeks and then infected intravenously with BCG as described in Figure 1 . A and B, On day 7 of infection, mononuclear cells were isolated from liver (A) and spleen (B), and the frequencies of Gr1 high CD11b + and Gr1 low CD11b + cells in the population were analyzed by flow cytometry. C, The CD3 + CD8 + T-cell population was analyzed in liver, spleen, and lymph nodes 63 days after BCG infection, by flow cytometry. Data are presented as mean values ± standard errors of the mean (n = 5 mice per group). *P ≤ .05 and **P ≤ .01. NS, not significant. D, Liver sections from all groups of mice were stained by hematoxylin and eosin for histopathological examination when granulomas were well formed, 28 days after BCG infection. The number of liver granulomas per liver section and the number of lymphocytes per granuloma were assessed on day 28 after infection. Data are presented as mean values ± SD (n = 5 mice per group). *P ≤ .05. NS, not significant. Fold changes in Il12b, Nos2, Tnfα, Lcn2, Il1β, Ifnγ, Il10, and Arg1 expression were determined by comparing findings for uninfected mice that received an iron-rich diet (full circles), infected mice that received a standard iron diet (open triangles), and infected mice that received an iron-rich diet (full triangles) and findings for uninfected mice that received a standard diet (open circle; Ctl). Data are presented as mean values ± SD (n = 5 mice per group). C, Measurements of interferon γ (IFN-γ), interleukin 1β (IL-1β), lipocalin 2 (Lcn2), tumor necrosis factor α (TNF-α), and interleukin 12p40 (IL-12p40) levels in homogenates of lung specimens obtained on day 28 were performed by an enzyme-linked immunosorbent assay. Data were normalized using lung homogenate protein concentrations obtained by the Bradford assay and are presented as mean values ± standard errors of the mean. (n = 5 mice per group). *P ≤ .05, **P ≤ .01, and ***P ≤ .001. NS, not significant. significantly lower in mice that received an iron-enriched diet, although the iron-enriched diet per se had no effect on steadystate cytokine levels. Therefore, an iron-rich diet has a definite downmodulatory influence on BCG-induced proinflammatory cytokine expression in the liver and lung.
Kinetics of Iron-Induced Overexpression of Hamp1 in the Liver and Lung
After BCG Infection
The effect of iron load on the transient overexpression of inflammatory cytokines after BCG infection prompted us to assess the kinetics of iron regulatory gene expression. Hamp1 and Lcn2 are known to be upregulated by iron, inflammation, and infection, whereas the Fpn transcript level is upregulated by iron and downregulated upon inflammation [4, 10, 30, 31] . Here, Hamp1 mRNA expression continued to increase in the liver and lung up to day 28 after BCG infection ( Figure 5 ), and this was strongly exacerbated in mice that received an iron-rich diet. Hamp1 overexpression further increased up to 2 months after infection in the liver, whereas it resolved in the lung. Of interest, the increase in Hamp1 expression after infection was accompanied by an increase in Fpn mRNA expression (Supplementary Figure 3) , thus favoring iron export and reducing iron availability for intracellular bacteria. An iron-rich diet reduced this overexpression of Fpn mRNA in the liver 28 days after infection (Supplementary Figure 3) . Therefore, an iron-rich diet further exacerbated BCG-induced Hamp1 upregulation in the liver and lung while preventing the hepatic overexpression of Fpn.
Alteration of Hepcidin-Ferroportin Axis After BCG Infection In Vitro
To distinguish between direct and indirect effects of BCG infection on iron regulation genes, we next examined in vitro the kinetics of Hamp1, Fpn, Lcn2, and Il6 expression during BCG infection in primary BMDMs. Time course studies revealed an upregulation of Hamp1 expression ≤5 hours after BCG infection, with a strong exacerbation at 18-24 hours (Figure 6 ). Hamp1 upregulation was preceded by Lcn2 and Il6 expression 4-24 hours after BCG infection. A progressive decrease in Fpn expression in macrophages was detected beginning 1 hour after infection, reaching maximal downregulation after 18-24 hours (Figure 6 ). Thus, BCG infection directly increased Lcn2, Il6, and Hamp1 expression while decreasing Fpn expression in isolated macrophages in culture.
Iron Treatment Impairs BCG Internalization and Growth in Macrophages
We next assessed the role of iron on BCG growth and host cell response in BMDMs. Intracellular iron levels were efficiently increased in macrophages following ferric ammonium citrate addition, while the iron chelators deferoxamine and deferiprone had the opposite effect ( Figure 7A ).
The level of Hamp1 expression was not altered in macrophages treated with ferric ammonium citrate, but BCG-induced upregulation of Hamp1 expression was reduced by intracellular iron loading ( Figure 7B ). Furthermore, iron upregulated Fpn mRNA expression and partially prevented BCG-induced Fpn downregulation. Lcn2 expression was not affected by ferric ammonium citrate treatment, even after induction by BCG.
Furthermore, increased cellular iron levels correlated with production of ROS, and iron chelators reduced ROS production ( Figure 7A ). Since ROS are known to kill bacteria, we hypothesized that bacterial uptake and survival in macrophages should be lower in the presence of iron. Intracellular iron impaired the uptake of BCG-GFP within macrophages ( Figure 7C ). Further support of reduced BCG internalization in macrophages was shown by the reduction of the intracellular pH in macrophages by iron ( Figure 7C ). Increased ROS production due to the presence of intracellular iron was associated with reduced bacterial growth in BCG-infected cells after 48 hours of culture ( Figure 7D ). Conversely, decreased iron content due to deferoxamine and deferiprone led to an increased bacterial load in BCG-infected BMDMs ( Figure 7D) . However, in cellfree medium, BCG growth assessed by CFU quantification was increased by supplementation of the culture medium with iron, as expected, while iron chelators reduced BCG growth (Supplementary Figure 4) . Thus, macrophage iron loading impaired BCG growth, despite decreased hepcidin expression.
DISCUSSION
We show here that a diet that was moderately enriched with iron and avoided liver toxicity decreased the bacterial burden after BCG infection, compared with a standard diet. This decrease was associated with reduced neutrophil and macrophage recruitment and decreased levels of inflammatory mediators early after infection, whereas increased T-cell recruitment, noticeably in granulomas, was observed at a later stage. Figure 5. An iron-rich diet upregulates Hamp1 expression upon Mycobacterium bovis bacille Calmette-Guerin (BCG) infection. Mice were fed a standard or iron-rich diet for 4 weeks and then inoculated intravenously with BCG (2 × 10 6 colony-forming units per mouse). Hamp1 messenger RNA (mRNA) expression was analyzed on days 7, 28, and 63 after infection in liver and lung, by quantitative polymerase chain reaction analysis. Data are expressed as fold change in Hamp1 mRNA expression relative to the mean for uninfected mice that received standard diet (Ctl), uninfected mice that received an iron-rich diet (Iron), infected mice that received a standard iron diet (BCG), and infected mice that received an iron-rich diet (Iron BCG). Data are presented as mean values ± SD (n = 5 mice per group). *P ≤ .05, **P ≤ .01, and ***P ≤ .001. NS, not significant.
The decrease in bacterial burden on days 28-63 in the liver correlated with an increase in Hamp1 expression in mice that received a standard diet. Hepcidin is expressed in stimulated hepatocytes but also in phagocytic cells during M. tuberculosis infection [31] , as shown here in primary macrophages, and we hypothesized a role for hepcidin in BCG clearance.
In cell-free culture, BCG growth was boosted by iron overload, confirming that iron promotes bacterial growth [19] , whereas BCG uptake was reduced in macrophages loaded with iron. The lower bacterial load in iron-enriched conditions in vivo was associated with reduced recruitment of neutrophils and macrophages, which are involved in bacterial phagocytosis and killing, a key process in the containment of mycobacterial infection. Moreover, the reduced inflammatory cell recruitment was accompanied by a decrease in proinflammatory cytokine expression in the liver and lung. Early after infection (on day 7), bacterial loads were still low, with modest lung inflammation, whereas expression of iron-regulating genes was already upregulated and was accentuated by increased iron content in both organs. The reduced inflammatory response after iron upload might result from decreased BCG phagocytosis, to hepcidin antimicrobial peptide activity, and to the increased effector response of intracellular ROS.
Furthermore, iron loading also influenced immune cell recruitment. We showed higher CD8 + T-cell levels in infected organs, with granulomas displaying a larger lymphocyte population, in BCG-infected mice that received an iron-rich diet as compared to those that received a standard diet. In another inflammation model, induced by concanavalin A, iron deficiency dampened inflammatory liver changes and was associated with a marked decrease in T-cell and natural killer T-cell activation [32] . Therefore, iron supplementation, which promoted T-cell responses in infected mice and led to higher numbers of CD8 + T . Intracellular unbound iron increases reactive oxygen species (ROS) production, impairing Mycobacterium bovis bacille Calmette-Guerin (BCG) uptake and growth in primary macrophages. A, Bone marrow-derived macrophages (BMDMs) plated in a 96-well microplate overnight were washed with phosphate-buffered saline (PBS) and treated with either calcein acetoxymethyl (5 µM), for determining cell-free iron by quenching, or H2DCFDA (5 µM), for assessing intracellular ROS. Further, cells were treated with ferric ammonium citrate (FAC; 10 µM), deferoxamine (DFO; 10 µM), and deferiprone (DFP; 10 µM). Thereafter, fluorescence measurements were performed at different time points to determine the level of labile cellular iron and intracellular ROS. B, BMDMs were preincubated with FAC (10 µM) overnight and then incubated with BCG (multiplicity of infection [MOI], 2) for 24 hours. Hamp1, Fpn, and Lcn2 messenger RNA expression was determined using quantitative polymerase chain reaction analysis. Data are normalized to Gadph expression and presented as fold changes relative to their expression in untreated cells. C, For the bacterial viability assay, macrophages plated in a 12-well microplate (0.5 × 10 6 cells/well) were treated with FAC (10 µM or 100 µM), DFO (10 µM), or DFP (10 µM) overnight. Cells were then infected with BCG (MOI, 2) for 24 or 48 hours as indicated. The intracellular bacterial burden was determined by plating cell lysates on 7H11 agar plates. Data are from triplicate cultures isolated from 2 mice in 2 independent experiments and presented as mean values ± standard errors of the mean (SEM). ***P ≤ .001. D, BCG internalization was assessed in BMDMs plated in a 48-well microplate overnight and infected with BCG expressing green fluorescent protein (GFP) at a MOI of 2 for 24 hour. The cells were then washed carefully with PBS and stained with wheat germ agglutinin and DAPI. BCG-GFP internalization was assessed by calculating the percentage of GFP-positive cells versus WGA-positive cells in the total cell area, using image J software (8 fields examined per condition). BMDMs were plated in a 96-well microplate and treated with FAC (10 µM or 100 µM) overnight or for 2 hours with 0.5 µg/mL cytochalasin D (Cyto D). Further, cells were infected with BCG for 15 minutes (BCG) or not (Ctl). Intracellular pH was then assessed using pHrodo staining as a measure of phagocytosis. Data are from cultures isolated from 2 mice in 2 independent experiments and presented as mean values ± SEM. ***P ≤ .001. cells able to recognize infected macrophages and activate them by secreting interferon γ, could promote BCG clearance.
Previous studies in mouse models with high iron overload, obtained either by iron intraperitoneal injection (50 mg/kg) or oral administration (25 mg/mL), and in a β2-microglobulindeficient mouse model of hemochromatosis [16, 17] , reported an increase in the lung bacterial load after M. tuberculosis infection. Iron deposition in the liver and/or potential adverse effects on liver integrity were not documented in these studies. Here, we specifically titrated the iron supplementation regimen to avoid strong iron deposition in the liver, and we verified that levels of hepatic markers of toxicity, aspartate aminotransferase and alanine aminotransferase, were not increased. During receipt of the diet yielding a moderate iron overload, the host response to an aerogenic M. tuberculosis infection was unaffected in terms of body weight, lung bacterial load, lung and spleen weight, and levels of surrogate markers of inflammation, while the relative weight of the liver was slightly increased 1-2 months after infection (Supplementary Figure 5) . Pulmonary levels of interleukin 12 and interferon γ and histological examination of lung and liver inflammatory responses were not significantly different after receipt of a moderately iron-rich diet (data not shown). Thus, our results indicate that a diet moderately enriched with iron or moderate iron-cell loading may impair Mycobacterium uptake and growth, whereas high iron loading may alter tissue integrity and the immune response and promote Mycobacterium growth.
Bacterial growth requires the acquisition of metal ions from the host, and mammalians developed several strategies to deprive bacteria from the access to metals, especially iron [33] . Nramp1, acting as an iron transporter, has been described as a host resistance gene against intracellular bacteria [6] . Here, we used C57BL/6 mice, which have nonfunctional, mutated Nramp1 [34] [35] [36] , indicating that the increased resistance to BCG during an iron-rich diet is independent of Nramp1 activity. Our results show that the hepcidin-ferroportin mechanism of iron regulation may contribute to resistance to mycobacterial infection. However, iron-rich conditions may also modulate the host defense independently of hepcidin upregulation. In vitro studies highlighted that iron-loaded macrophages reduced bacterial uptake and growth, although the hepcidin level was decreased, compared with that in mice in the infection-only group. Under our conditions, mice that received an iron-rich diet exhibited an impaired BCG-induced ferroportin downregulation, leading to increased iron export, enhanced ROS production crucial for cell defense and signaling pathways [37] , as well as macrophage M2 polarization [38] [39] [40] decreasing phagocytosis, that may result in reduced bacteria uptake.
Our results highlight the controversial role of host iron status in mycobacterial infection. Iron promotes bacterial cell growth, but a moderate increase in the iron level, as in our study, enhances the population of immune cells, alters cell differentiation/polarization, and increases ROS levels, allowing better host defense against infection. Further investigations will be necessary to improve understanding of the effects of iron supplementation and eating habits on bacterial infection in humans.
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